Single-nucleotide polymorphisms (SNPs) located in the promoter region of the receptor for advanced glycation end products (RAGE) gene have been linked to the activity of RAGE. However, contrary to our expectation, we previously detected no correlation between SNPs within the RAGE promoter and ulcerative colitis (UC) risk in a case-control study. Here, we investigated the methylation of the RAGE promoter and analyzed the collective contribution of methylation and SNPs to UC risk. We found that RAGE promoter hypomethylation was more common in UC patients compared to controls (70% vs. 30%, respectively), as determined via bisulfite sequencing PCR (BSP) and methylation-specific PCR (MSP). Furthermore, we investigated the cooperativity of promoter methylation and SNPs and found that either of two SNPs (rs1800624 or rs1800625) and promoter methylation jointly contributed to UC risk (30 UC patients vs. 30 controls, P < 0.05). There was no correlation between UC risk and either methylation or SNPs when analyzed separately. This lack of correlation is likely due to promoter methylation repressing gene transcription, whereas SNPs in the RAGE promoter region activate RAGE transcription. We found that variant allele carriers with promoter hypomethylation were at an increased risk for UC (rs1800624, OR = 10, 95% CI: 1.641-60.21, P = 0.009; rs1800625, OR = 4.8, 95% CI: 1.074-21.447, P = 0.039). Furthermore, our data revealed that the RAGE mRNA levels in variant allele carriers with promoter hypomethylation were significantly higher compared to those with promoter hypermethylation (P < 0.05) as well as to those in wild-type allele individuals exhibiting promoter hypomethylation (P < 0.05). We therefore speculate that the methylation status and SNPs present in the RAGE promoter region alter RAGE transcription, thereby impacting UC risk. We also propose that the methylation status and RAGE promoter genotype could jointly serve as clinical biomarkers to assist in UC risk assessment.
Introduction
Ulcerative colitis (UC) is an inflammatory bowel disease (IBD) that is thought to result from the complex interplay between genetic and environmental factors that results in dysregulation of the immune response [1] . Chronic inflammation in UC patients is associated with an increased incidence of colorectal cancer (CRC), the risk of which is directly correlated with the duration and extent of the inflammation [2, 3] . The cumulative CRC risk for long-standing UC patients is 5-10% at 20 years and 10-30% at 30 years [4, 5] .
RAGE is a member of the immunoglobulin superfamily of cell surface molecules. It is a multi-ligand receptor that interacts with certain members of the S100/calgranulin family (e.g., S100A12 and S100B), high mobility group box-1 (HMGB1), and amyloid-β peptide (Aβ), among other factors. RAGE has been implicated in the amplification of proinflammatory responses via interactions with its ligands [6] . As a cell surface receptor, RAGE mediates rapid and sustained cellular activation through multiple intracellular signaling pathways that lead to the propagation of inflammatory responses [7] .
Ordinarily, RAGE is constitutively expressed in the lung and at a low level in the intestinal epithelium [8] . However, during inflammation, its expression appears to be significantly upregulated in other cell types, including endothelial cells, epithelial cells and leukocytes [9] . In one model of sepsis, deletion of RAGE protected mice against sepsis in a manner that was dependent on the innate immune system. Furthermore, anti-RAGE antibody-treated animals were resistant to lethality in the cecal ligation and puncture (CLP) model of polymicrobial sepsis [10] , demonstrating the role of RAGE in innate defense mechanisms. Furthermore, RAGE is known to be involved in other diseases that are characterized by inflammation, including diabetes, arthritis, sepsis, neurodegeneration and even cancer [10] [11] [12] [13] .
Recent studies have revealed that RAGE expression is upregulated in the intestinal epithelium and colonic tissues of patients with active IBD [14] . Furthermore, a specific RAGE antibody was found to attenuate colitis in a mouse model [15] . Together, these findings suggest that RAGE plays an important role in regulating IBD-associated chronic inflammation, making the RAGE gene a candidate risk biomarker for IBD.
DNA methylation has been shown to regulate gene transcription and activation. The reciprocal relationship between promoter methylation and transcriptional activity of a gene has been widely documented [16] [17] [18] [19] [20] [21] [22] [23] . In previous studies, 3-6% of all cytosines were found to be methylated in normal human DNA [23] . Gene hypermethylation, especially in cases of cancer, is associated with restricted transcription of tumor suppressor genes. Specifically, aberrant methylation of CpG islands within the promoter regions of tumor suppressor genes contributes to many types of tumorigenesis [24, 25] . Chronic inflammation in UC patients was also shown to be tightly associated with DNA methylation. The methylation status of the ABCB1, CDH1, ESR1, GDNF, HPP1, and MYOD1 genes were demonstrated to be associated with the inflammatory status of UC patients [19] . Moreover, the methylation of the RUNX3, MINT1, and COX-2 promoters has also been confirmed to be a biomarker for the presence of colorectal dysplasia in patients with UC [26] .
However, few studies have addressed the correlation between RAGE promoter methylation and UC risk. Previously, Wang (2016) found a significant correlation between RAGE single-nucleotide polymorphisms (G82S) and UC risk in a Chinese population [27] . However, no correlation was found between UC risk and two SNPs in the RAGE promoter region, which were expected to have an important effect on RAGE transcription in early stages of the disease. This finding led us to explore other mechanisms by which RAGE transcription is altered in UC patients. Because DNA methylation acts to regulate the patterns of gene transcription, and a CpG island has been predicted in the RAGE promoter region, we examined the methylation status of the RAGE promoter region in UC patients. We then analyzed the joint effect of methylation status and SNPs of the RAGE promoter region on UC risk.
Materials and methods

Sample preparation
Tissue samples were obtained via colon biopsy from 30 UC patients [mean age = 45.87 ± 13.45 years, 16 men (53.3%) and 14 women (46.7%)] and 30 age-and race-matched healthy controls [mean age 43.13 ± 12.62 years, 18 men (60%) and 12 women (40%)]. All samples were collected from the Affiliated Hospital of Guangdong Medical University in south China, and all participants were Chinese. IBD was diagnosed using conventional clinical, endoscopic, and histological criteria, and other inflammatory diseases were excluded. The healthy controls were asymptomatic with no history of malignancy and no personal or family history of IBD. Written informed consent was obtained from all patients, and the study was approved by the ethics committee of the Affiliated Hospital of Guangdong Medical University.
Genomic DNA extraction and bisulfite conversion
Genomic DNA was extracted from colon biopsy tissues using a tissue DNA extraction kit (Qiagen, Germany) according to the manufacturer's protocol. Genomic DNA was treated using the EpiTect Bisulfite Kit (Qiagen) according to the manufacturer's protocol to convert all unmethylated cytosines to uracils while leaving 5-methylcytosine residues unaltered. One microgram of genomic DNA was used for each conversion reaction.
SNP genotyping
High-resolution melting (HRM) was employed to genotype two SNPs (rs1800624, rs1800625) ( Fig. 1 ) in the promoter region of the RAGE gene. The HRM genotyping protocol and the SNP-specific primers (including the internal temperature standard) were described previously [29] .
Methylation identification
A CpG island in the promoter region of the RAGE gene was predicted using software (MethPrimer, PUMCH, China) ( Fig. 1) . Bisulfite sequencing PCR (BSP) was used to determine the methylation status of the CpG island in the RAGE promoter region. The following primers were used: 5′GGGATATGATTTTTGGATAGAGG3′ (forward) and 5′CCA ATCAATAATTCCCTAAAATAAC3′ (reverse). The BSP amplicon was a 189-bp fragment containing the CpG island of the RAGE promoter, which included 9 CpGs. The PCR amplicon was cloned into the pMD18-T vector (TaKaRa, China), and the resulting plasmid was transformed into E. coli strain DH5α. The amplicon sequence was then analyzed using an ABI 3730XL DNA sequencer (ABI, US).
Methylation-specific PCR (MSP) was used to verify the BSP result and to determine the methylation status of all samples. Three pairs of specific primers were used in the MSP analysis: one pair was targeted to the methylated sequence; one pair was targeted to the unmethylated sequence; and the last pair was for the same amplicon with untreated DNA template. All of the primers used in this study are listed in Table 1 . Bisulfite-treated genomic DNA was used as template DNA in the MSP amplification and untreated genomic DNA was used as a control.
MSP products were resolved by electrophoresis on a 10% polyacrylamide gel (PAGE) and band patterns were analyzed independently by two individuals.
mRNA extraction and QPCR
Total mRNA extracted from colon biopsy tissues was reverse transcribed to cDNA using a reverse transcription kit (TaKaRa, Dalian, China). Quantitative real-time PCR (QPCR) was used to evaluate RAGE transcription in UC patients and in healthy controls. RAGE transcription levels were normalized to GAPDH transcription levels.
Statistical analysis
Allele frequencies and genotype distributions were determined as described previously. Hardy-Weinberg equilibrium was applied to evaluate allelic and genotypic distributions, and χ2 test and Fisher's exact test were used to compare the allele and genotype frequencies in patients versus controls. The odds ratio (OR) and 95% confidence interval (CI) were calculated to assess the relative risk of UC. The χ2 tests were performed using SPSS 19 software. The threshold for significance was set at P < 0.05 for all analyses.
Results
BSP
A CpG island 124 bp in length and containing 9 CpGs was predicted to exist in the RAGE promoter region using the online software MethPrimer (http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi).
The CpG island was located upstream of two SNPs (rs1800624 and rs1800625) in the promoter region. The BSP amplicon was 189 bp in length and contained the entire CpG island. After cloning the BSP products into competent cells, five bacterial colonies derived from each sample were sequenced using an ABI 3730XL DNA sequencer. The sequencing data revealed that most of the CpGs present in the RAGE promoter of healthy control samples were methylated, whereas very few were methylated in samples from UC patients (Fig. 2) .
MSP
The MSP amplicons were 112 bp in length and were analyzed by PAGE. All reactions using the N-RAGE primers with untreated DNA template produced a positive band on the gel (Fig. 3a) while no positive bands were observed in reactions using the N-RAGE primers with untreated template DNA (Fig. 3c) . The products generated in reaction using the M-RAGE primers with bisulfite-treated template DNA revealed differences between UC patients and healthy controls; a higher percentage of control samples produced positive bands compared to the UC patient samples (Fig. 3b) . However, the products generated from the U-RAGE primers with bisulfite-treated template DNA revealed the opposite result, with a higher percentage of UC patient samples producing positive bands compared to the controls (Fig. 3d) .
Joint analysis of RAGE promoter methylation and SNP genotype/allele frequency
We analyzed the SNP genotype/allele frequencies combined with the methylation status of the RAGE promoter region and their collective association with UC risk. After carrying out the Harvey-Weinberg equilibrium calculation, no deviations from HWE were observed in the control population. However, the data revealed that rs1800624 or rs1800625 variant allele carriers exhibiting hypomethylation in the RAGE promoter region were at significant UC risk (rs1800624, OR = 2.5, 95% CI: 1.241-5.037, P = 0.009; rs1800625, OR = 2.118, 95% CI: 0.972-4.614, P = 0.039) ( Tables 2, 3 ).
In addition, hypomethylation was significantly more prevalent among UC patients than healthy controls (70% vs. 30%). Further analyses revealed that the combination of −374A (rs1800624) and hypomethylation in the RAGE promoter region behaved as a UC risk factor (OR = 2.75, 95% CI: 1.718-4.402, P < 0.001) ( Table 2 ). The combination of -429C (rs1800625) and hypomethylation in the RAGE promoter region also behaves as a UC risk factor (OR = 2.361, 95% CI: 1.378-4.046, P = 0.002) ( Table 3) . After analyze the distribution frequency of genotype/allele and methylation status in different genders of UC patients, no significant difference between the sexes was detected (Table 4) . RAGE mRNA levels were also analyzed for correlation with promoter SNP genotypes and methylation. In general, individuals carrying variant alleles of either rs1800624 or rs1800625 (TA+AA or TC+CC, respectively) showed higher RAGE mRNA levels compared to individuals carrying the homozygous wild-type allele (TT) (Fig. 4) . Similarly, individuals with hypomethylation in the RAGE promoter region exhibited higher average RAGE mRNA levels compared to those with hypermethylation. Further analyses revealed significant correlation between the RAGE mRNA level and −374 TA/AA+M -carriers (P < 0.05) (Fig. 4a) , as well as between the mRNA level and −429 TC/ CC+M -carriers (P < 0.05) (Fig. 4b) .
Discussion
Recently, a growing body of evidence has suggested that there is a correlation between DNA methylation and the development of UC [28, 29] . Lin (2012) identified 11 IBD-associated CpG sites, 14 CDspecific CpG sites, and 24 UC-specific CpG sites that exhibit methylation changes in B cells and found that these CpG sites were distributed among several genes that play important roles in the immune and inflammatory responses [18] . Nevertheless, few studies have focused on the correlation between the methylation status of the RAGE gene and UC risk, although the role of the RAGE gene in immune and inflammatory responses is well documented.
Accumulation studies have highlighted the possibility that SNPs within key domains of the RAGE gene may influence its function, and individuals with certain genotypes or alleles may be predisposed to heightened disease risk [8, 9] . Nevertheless, there is long-standing debate over whether SNPs in the RAGE promoter region can alter RAGE transcription. Hudson et al. [30] demonstrated that the −374A polymorphism results in a threefold increase in transcriptional activity of the RAGE promoter compared with the -374T allele (P < 0.001) as assessed by chloramphenicol acetyl transferase (CAT) reporter gene transcription assays, and −374A/T allele carriers exhibited significantly altered nuclear protein binding activities. The same study also found that the incidence of the −429 C allele was increased in the retinopathy group (P < 0.05). Däbritz (2011) reported that the rs1800624 polymorphism in the RAGE promoter facilitates transcription of the gene and may, to some degree, protect against the development of strictures in CD patients [31] . Wang (2014) reported that the CD risk associated with the rs1800624 mutant allele was markedly decreased [32] .
Conflicting results have also been reported. Picheth (2007) reported that the −429T > C, rather than the -374T > A, RAGE promoter polymorphism is associated with type 1 diabetes in a Brazilian population, and a 2-fold increase in the -429C allele frequency was observed among diabetic subjects compared with nondiabetic subjects [33] . Similarly, Peng et al. (2009) found that Chinese patients with type 2 diabetes mellitus who carry the C allele of -429T/C and G allele of G82S exhibited significantly higher sRAGE levels, while no such association was found in patients with different combinations of the -374T/A allele [34] . One preliminary case-control study found a correlation between the G82S allele in RAGE and UC risk in a Chinese population. However, no correlation between polymorphisms in the RAGE promoter region and UC risk were observed [27] . In the present study, we investigated the RAGE promoter methylation status and found no significant correlation between promoter methylation and UC risk. However, a significant correlation was found when considering both the methylation status and genotype of the RAGE promoter with respect to UC risk. These analyses revealed that individuals with a variant allele of rs1800624 or rs1800625 and hypomethylation were at significantly increased UC risk.
Most studies suggest that methylation within a promoter region downregulates gene transcription, whereas SNPs in the RAGE promoter region are largely thought to increase RAGE transcription. The CpG island that we identified in the RAGE promoter region was predicted to contain binding sites for 12 transcription factors (dissimilarity margin ≤ 5%), as assessed using the promo database (http://alggen.lsi.upc.es/ cgi-bin/promo_v3/promo/). Among these, the sites for 3 transcription factors, namely, YY1 [T00915], GATA-1 [T00306], and c-Jun [T00133], were identical in sequence to the known binding sites for these proteins. We speculate that CpG methylation in this region may affect regulation by these transcription factors thereby alter RAGE expression. However, this potential mechanism needs to be experimentally verified. Moreover, unlike the G82S SNP located in the V-type immunoglobulin domain of the receptor's extracellular region, which could directly affect protein function [35] , SNPs located in the promoter region are more likely to alter RAGE transcription. Thus, it is conceivable that no association would be found when promoter methylation and polymorphisms are independently assessed for their correlation with UC risk. Our analyses of the relationships between methylation, SNPs, and RAGE transcriptional levels support this notion.
Our results suggest that RAGE promoter methylation in conjunction with promoter genotype may be a candidate biomarker for the identification of patients at high risk for UC. For the first time, our analyses have linked the combinatorial effect of RAGE promoter SNPs and methylation status to UC risk within a Chinese population.
We assessed RAGE promoter methylation by MSP in a fraction of our samples. The occurrence of RAGE methylation in the inflammatory rectal mucosa was defined by the presence or absence of a band as assessed by PAGE. There are limits to the sensitivity of MSP detection; therefore, alternative methylation detection methods, such as pyrosequencing, may provide more accurate data. We investigated the relationship between RAGE promoter methylation, SNPs and UC risk using a case-control study. The case-control design is suitable for the study of rare diseases such as UC, and the association of multiple factors with a disease can be studied simultaneously. However, case-control studies only acquire information regarding disease risk and not morbidity, as opposed to cohort studies. Furthermore, the small population size involved in this study, as well as conceivable links between DNA methylation and additional factors such as environment and lifestyle, indicate that further verification with larger sample sizes and diverse populations is warranted.
In addition, a soluble form of RAGE (sRAGE) derived from both alternative splicing of the RAGE gene and cleavage of membrane-bound RAGE [36] [37] [38] [39] exists in circulation. The sRAGE protein may play a protective role in chronic inflammation due to its ability to block RAGE ligands. Thus, while RAGE signaling promotes inflammation [6] , sRAGE is capable of neutralizing ligands in circulation, exerting a protective effect against inflammation [36] [37] [38] [39] . The regulatory mechanism mediating this phenomenon is not yet clear. However, Blocking RAGE has been demonstrated to be effective in preventing colitis in an animal model of the disease [40] .
Nevertheless, further investigation is necessary to determine whether the RAGE pathway is a viable target for UC therapeutics in humans. The combined effect of methylation status and polymorphisms in the promoter region of RAGE may facilitate use of the RAGE pathway as a biomarker for clinical UC risk detection.
